An antibacterial peptide-encoding gene from alfalfa seeds, alfAFP, was fused to the C-terminal part of chitin-binding domain (CBD) of the rice chitinase-encoding gene (CBD-alfAFP) and introduced to tobacco by Agrobacterium-mediated transformation. Polymerase chain reaction (PCR) technique was used to confirm the integration of the recombinant CBD-alfAFP encoding gene in transgenic tobacco plants. A number of transgenic lines and a non-transgenic control plant were selected for further molecular analyses. The result of analyzing the transgenic plants by semi-quantitative RT-PCR showed that the recombinant gene is expressed in transgenic plants and there is a difference between the transgenic plants in terms of the level of CBD-alfAFP expression. The total protein was extracted from a few selected transgenic plants and used to evaluate the antibacterial/antifungal of recombinant protein activity against some important plant and human pathogens. The results of this experiment showed that the total protein extract obtained from transgenic lines significantly (P < 0.05) inhibited the growth of various bacteria and fungi compared to the non-transgenic plants. Transgenic lines showed a significant (P < 0.01) difference considering their ability to inhibit bacterial and fungal pathogens growth. The recombinant CBD-alfAFP protein significantly (P < 0.01) increased the resistance of the transgenic plants against Fusarium solani. Transgenic lines showed no significant wilting symptoms and obvious wilting symptoms were not observed even 30 days post-inoculation (dpi) with Fusarium solani spores. These results suggest that transgenic tobacco plants are resistant to Fusarium solani wilt and fusion of CBD to the alfAFP antimicrobial peptide is an efficient approach to control fungal diseases.
Introduction
More than a billion people worldwide, most of them living in developing countries, suffer from food shortage (FAO 2017) . It is estimated that plant pests and diseases destroy a total of 30% of agricultural crops with fungi alone accounting for over 80% of losses (Becker-Ritt and Carlini 2012) . Unfortunately, there is no reliable statistics on the extent of damage caused by fungal diseases in developing countries, but the damage to the crop plants as a result of these diseases seems to be higher than the global average.
Currently, fungal diseases are controlled using chemical fungicides that, in addition to environmental hazards, cause fungicide resistance in fungal plant pathogens (Komárek et al. 2010) . Among fungal pathogens, chitin-containing pathogens such as Fusarium solani, Fusarium oxysporum, and Alternaria solani incite the greatest damage to crop plants such as potatoes, rice, soybeans, wheat, and tobacco. For instance, Fusarium solani is an important plant pathogen and causal agent of several important diseases such as root and stem rot in pea, sudden death syndrome of soybeans, foot rot of bean, and dry rot of potato tuber(s) in the storage (Aoki et al. 2003; Alastruey-Izquierdo et al. 2008; Zaccardelli et al. 2008 ). The fungal cell wall is a complex structure composed of chitin, β-1,3-glucans, and β-1,6 glucans, which are interconnected by a large number of proteins. Chitin, as the second most frequent polysaccharide in nature after cellulose, constitutes the main component of some pathogenic fungi cell wall (Free 2012) . In addition to cell wall strength, 1 3 391 Page 2 of 10 chitin plays an essential role in fungi development such that fungal cells die if chitin biosynthesis is hampered (Khan et al. 2011) . After being released from the fungal cell wall, chitin and its constituent units such as N-acetylglucosamine are sensed by the plasma membrane receptor kinases (RKs). Next, these RKs stimulate the immune system of the host plants through self-phosphorylation/and or phosphorylation of other proteins (Bhattacharyya and Jha 2012) . Finally, plant chitinase enzymes degrade chitin by releasing chitin oligomers and N-acetylglucosamine, which lead to the death of fungal cells (Gow and Hube 2012) . In addition to a catalytic domain, chitinase enzymes have at least one domain capable of chitin, oligosaccharides, N-acetylglucosamine binding, and chitin-binding domain (CBD) (Salas et al. 2015) . The main function of CBD is similar to the carbohydrate-binding domain (CBM) in the large family of alphaamylases such as "starch binding domain" that hydrolyzes starch granules (Shoseyov et al. 2006) .
Antimicrobial peptides constitute an important part of the innate immune system in many living organisms, including plants, with antibacterial properties similar to antibiotics (Guaní-Guerra et al. 2010) . Although different antimicrobial peptides have been used to produce resistant transgenic crop plants (Li et al. 2011; Gao et al. 2000; Parashina et al. 2000) , it seems that their preventive role is reduced due to the low inherent affinity of most peptides to bind to the cell wall and their inadequate concentration on the plasma membrane . However, some peptides, like defensins, have small motifs and specific amino acids, which play a role in chitin binding. The chitin-binding capability of defensins plays a crucial role in the antifungal activity. Therefore, if defensins' chitin-binding property is enhanced, the activity of the antimicrobial peptide may synergistically increase (Yokoyama et al. 2009 ).
The alfAFP, a cationic peptide, is a member of the family of antifungal plant defensins that is expressed in alfalfa seeds. Unlike animal defensins, plant defensins exhibit their antibacterial activity specifically by the permeabilization of the plasma membrane ). There are many reports that describe various transgenic plant species harboring AMPs encoding genes resistance to plant pathogens. For instance, Terras et al. (1992) showed that a cysteine-rich peptide from Raphanus sativus seeds (Rs-AFP2) induces resistance to Alternaria longipes in transgenic tobacco. Expression of a pea defensin (DRR206) in canola resulted in transgenic plants becoming slightly resistant to Leptosphaeria maculans fungus (Wang et al. 1999) . Gao et al. (2000) generated alfAFP-expressing transgenic potatoes that are resistant to Verticillium dahlia, the causal agent of vascular wilt in a wide range of plant species. In several studies, various plant defensins encoding genes have been introduced to crop plants to enhance resistance against devastating fungal pathogens (Kazan et al. 2002; Lee et al. 2008 ). More recently, Lee et al. (2018) expressed a pepper defensin (J1-1) gene in tobacco plants and demonstrated that Phytophthora parasitica and Pythium aphanidermatum disease symptoms were significantly suppressed. Therefore, it is evident from different studies in the literature that AMPs have considerable benefits in engineering durable resistance to plant fungal pathogens. To this end, the current research aimed to increase the density of alfAFP peptide molecules in the plasma membrane surface of the chitin-containing invasive fungi by fusing alfAFP peptide to the encoding sequence of a rice chitinase chitin-binding domain, CBD. By expression of CBD-alfAFP recombinant protein, the peptide-binding domain is expected (1) to facilitate alfAFP peptide accumulation on the plasma membrane surface through binding to the fungal chitin cell wall and (2) to prevent the degradation of the alfAFP peptide in the cytoplasm due to its small size.
Materials and methods

Synthesis and cloning of alfAFP-encoding DNA sequence
The DNA coding sequence of an alfalfa antimicrobial peptide (alfAFP) was fused to 395 nucleotides sequence of rice chitinase Chitin-Binding Domain (CBD), flanked by NcoI and BamHI restriction enzymes, and synthesized based on Nicotiana tobacco codon preferences (Biomatik, Canada). A helix-forming linker (EAAAK) 8 was used to fuse alfAFP peptide to the C-terminal end of CBD. Next, the CBD-alfAFP recombinant DNA fragment was digested by NcoI and BamHI restriction enzymes and cloned in NcoI/BamHI site of the pGSA1285 binary expression vector, resulting in pGSA1285/CBD-alfAFP expression vector cassette (Fig. 1) . The accuracy of the gene cassette was confirmed by Sanger sequencing and transferred to the Agrobacterium tumefaciens strain GV3101 for Agrobacterium-mediated transformation.
Plant material and growth conditions
Nicotiana tabacum var. Xanthi was used to produce in vitro tobacco seedlings. Seeds were surface sterilized with 70% ethanol for 30 s following 1.5% sodium hypochlorite and Triton X100 surfactant for 15 min. The seeds were then washed five times with sterile distilled water. Next, they were filtered, paper dried, and then cultured on MS medium (Murashige and Skoog 1962) containing 20 g L − 1 sucrose and incubated at 25 ± 2 °C. The tobacco seedlings were transferred to glass jars for further growth.
Tobacco transformation and regeneration
Agrobacterium-mediated transformation was used to introduce pGSA1285/CBD-alfAFP binary vector to leaf disc explants. Briefly, young tobacco leaves were excised and punched by a 1 cm − 1 sterile cork borer. A total of 260 leaf disc explants were co-cultivated with A. tumefaciens strain GV3101 harboring a pGSA1285/CBD-alfAFP binary vector for 10 min. Inoculated leaf discs were later transferred to basal MS medium containing BA (2 mg L − 1 ), NAA (0.1 mg L − 1 ), and 30 g L − 1 sucrose for three days in the dark at 25 ± 2 °C. After three days, explants were transferred to a fresh co-culture medium containing kanamycin (50 mg L − 1 ) and cefotaxime (200 mg L − 1 ) at 25 ± 2 °C for regeneration and subcultured once every 2 weeks for 1 month. Adventitious shoots were excised and transferred to an MS medium supplemented with NAA (0.1 mg L − 1 ), cefotaxime (200 mg L − 1 ), and 100 mg L − 1 kanamycin until roots were induced from regenerated adventitious shoots. The plantlets were transferred to a pot containing a mixture of 50% perlite plus 50% peat moss bagged with plastic bags and watered using half-liquid MS medium. Finally, the plantlets were transplanted in sterile soil and transferred to the greenhouse for disease analysis.
Analysis of transgenic plants
To confirm the presence of recombinant CBD-alfAFP gene, genomic DNA was extracted from putative transgenic and a non-transgenic control plants, using the CTAB method (Murray and Thompson 1980) . To investigate the insertion of the CBD-alfAFP gene, the forward and reverse primers were designed from CBD sequence (AFP1-F:5′-TGT AGT CAA TAT GGC TGG TGTG-3′) and alfAFP peptide sequence (AFP1-R: 5′-GCA TGG TCC TCT GTA CTT ATCG-3′), respectively ( Fig. 1) . The PCR reaction conditions were as follows: pre-denaturation at 94 °C (5 min), then 35 cycles at 94 °C (30 s)/60 °C (30 s)/72 °C (30 s), and a final extension at 72 °C for 10 min.
Semi-quantification of mRNA expression
Total RNA was extracted from young leaves of selected transgenic and non-transgenic plants (EURx Ltd. 80-297 Gdansk Poland) according to the manufacturer's instructions. The quality and quantity of extracted RNA were determined using 2% agarose gel electrophoresis as well as spectrophotometry. The cDNA was synthesized from total RNA by reverse transcription using a reverse transcriptase (Fermentas, St. Leon-Rot, Germany). The semi-quantitative RT-PCR reaction was carried out using specific primers (AFP2-Forward: 5′-GTC AAA GTC AGT GTT CCG GT-3′ and AFP2-Reverse: 5′-CAC CTC TTT GTA CAC CAA CACC-3′). As an internal control, the same cDNA was also used to amplify elongation factor-1α (elf1α) (elf-Forward: 5′-TGA ACC ATC CAG GAC AGA TTG-3′, elf-Reverse:5′-TCT TAA CCA TAC CAG CAT CACC-3′). The semi-quantitative RT-PCR reaction was performed as follows: pre-denaturation at 94 °C (5 min), then 30 cycles at 94 °C (60 s)/60 °C (30 s)/72 °C (30 s), and a final extension at 72 °C for 5 min. RT-PCR products were electrophoresed and compared on 2% agarose gel.
SDS-PAGE analysis
The total protein was extracted from the selected transgenic and control plants according to Fantozzi and Sensidoni (1983) . Briefly, 1 g of young leaves from transgenic and control plants were ground in liquid nitrogen and homogenized with 3 mL of extraction buffer (2 mM EDTA and 50 mM Tris-HCl, pH 8). The samples were shaken at 300 rpm at 4 °C for 10 min and then centrifuged at 15,000g at 4 °C for 15 min. The supernatant containing total protein was transferred to new tubes and passed through 0.2 µm filters. The total protein content was quantified using Bradford compared with BSA as a standard protein (Bradford 1976) . The SDS-PAGE analysis was done to separate proteins in a 15% acrylamide gel electrophoresis followed by Coomassie brilliant blue staining according to Laemmli (1970) . 
Bioassays and determination of minimal inhibitory concentration (MIC)
About 1 g of young (5-week-old) leaf tissue from selected transgenic lines and a control were ground in liquid nitrogen and immediately homogenized in the same volume (v/v) of potassium phosphate buffer (pH 7) complemented with a complete protease inhibitor cocktail (Roche, Mannheim Germany) and then centrifuged at 1000g for 30 min at 4 °C. The supernatant was then collected carefully, kept on ice and protein by Bradford assay (Bradford 1976) . To determine the lowest concentration of the protein extracts containing CBD-alfAFP peptide inhibiting the visible growth of pathogens, the minimal inhibitory concentration (MIC) was determined using Broth Macro dilution susceptibility assay (Vanden and Vlietinck 1991) . A total of 24 tubes were used to test the transgenic plants protein extract at different dilutions (200, 100, 50, 5, 25, 12, 6, 3.12 , and 1.5 µg mL − 1 ) in three replicates; one tube as the negative control (containing diluted extract plus the medium) and a tube as a positive control (containing microbial suspension plus culture medium). Pseudomonas syringae pv tabaci (ATCC 17914), a devastating plant pathogen with economic importance (Mansfield et al. 2012 ) was cultured overnight on King's medium B (King et al. 1954) at 26 °C for 24 h. Cells were washed in sterile water and suspended at a concentration of 1.5 × 108 cfu/mL in phosphate buffer (10 mM; pH 7.0) prior to the assay. About 50 µL suspension of 1.5 × 10 8 cfu/ mL equal to the standard of half-McFarland from overnight cultures was added to all tubes except for the negative control tube. All test tubes were incubated at 37 °C for 24 h. After incubation, tubes were examined for turbidity caused by inoculated bacterial growth. After observing the turbidity in each tube, the previous tube was considered as the minimal inhibitory concentration (MIC). In the case of positive control tube, turbidity showed sufficient bacterial growth. The negative control tube was later examined for the absence of growth. Here, the tube should be free of growth and clear.
The MIC index for Candida albicans (PTCC5027), a human fungal pathogen, and Fusarium solani (PTCC 5284) was determined. Candida albicans were obtained in lyophilized form from Iranian Scientific and Industrial Research Organization, Tehran, Iran. Fusarium solani was obtained from the Faculty of Agriculture, Bu-Ali Sina University, Hamedan, Iran. Briefly, both fungi were cultured in PDA medium at 30 °C for 48 h. A fungal suspension was prepared in a physiology serum and concentration of fungal cells equal to 1 × 10 6 spores per mL was obtained using a neobar lam. About 200 µL of the above fungal suspension was poured in each tube. Protein extract (200 µg) of the transgenic and untransformed control plants were added to each tube. The tubes were placed in a shaking incubator at 30 °C at 150 rpm for 24 h. The growth rate of the fungi was evaluated based on the turbidity of the wells (Vanden and Vlietinck 1991; Sindambiwe et al. 1999 ).
Recombinant CBD-alfAFP antibacterial analysis
Escherichia coli (ATCC 8739) and P. syringae (ATCC 17914) bacteria were kindly provided by the Faculty of Medicine, Hamadan University of Medical Sciences, Iran. Disc diffusion method on Müller-Hinton agar medium was used to measure the antimicrobial susceptibility of pathogens using protein extracts (200 µg) of selected transgenic plants (Bauer et al. 1966; Mangena and Muyima 1999) . To prepare the test discs, blank discs (6 mm in diameter) were saturated with protein extracts containing CBD-alfAFP recombinant protein. In each test series, a disc containing protein extract of the non-transgenic plant was used as the negative control. To compare inhibition zones, gentamicin (10 µg) and cefotaxime (30 µg) antibiotics were used to prevent bacterial growth as the positive control. Next, 100 µL of 21 h culture of a bacterial suspension of half-MacFarland was poured onto the medium and uniformly inoculated from the suspension of bacteria at the surface of the Müller-Hinton agar culture medium using a sterilized cotton swab. Then, discs prepared from different extracts were placed on the surface of the culture medium using sterilized forceps and incubated at 37 °C for 24 h. Finally, the diameter of the inhibition zones was measured in three replicates and the mean values were reported.
The antifungal effect of CBD-alfAFP recombinant protein on Fusarium solani (PTCC 5284) and Candida albicans was investigated in vitro. Fusarium solani was obtained from the Faculty of Agriculture, Bu-Ali Sina University, Hamedan, Iran. One milliliter of phosphate saline buffer (PBS, pH 7.2) was added to a sterile 1.5 ml microtube. Then, a small amount of cultured colonies of Candida albicans of Potato Dextrose Agar (PDA) medium was removed using sterile forceps and mixed in a PBS buffer. After mixing the fungus in the buffer, a suspension of 1 × 10 6 cells/mm was counted with a neobar (Furletti et al. 2011) . PDA plates were inoculated with 100 µL of fungal suspension (1 × 10 6 cells per ml). After 20 min, the discs saturated with protein extract of transgenic plants (200 µg mL − 1 ) along with fluconazole discs (25 µg) were placed on the plates, as controls. Plates were incubated in an incubator for 24 h and then the inhibition zone diameter was measured in comparison with the control group, in three replicates and their mean was recorded.
Fusarium solani inhibition assay on transgenic tobacco plants
Fusarium solani, a ubiquitous soil-borne pathogen that causes vascular wilt, is one of the most frequently isolated soil-borne fungi associated with the greatest economic losses in many crop plants. Fusarium species are among top ten devastating fungal pathogens in plant pathology (Dean et al. 2012) . First, Fusarium solani was cultured in the PDA medium to prepare a fresh culture. Then, Fusarium solani was transferred to the Agar and Carnation Leaf (CLA) medium and placed in UV incubator for the sporulation. The sporodochium began to grow on the carnation leaves after 3 weeks. One-month-old alfAFP-01 transgenic and control tobacco plants were grown in MS medium challenged with Fusarium solani. A small block of agar (8 mm) with good Fusarium solani mycelial growth was placed at the base of the transgenic and control plants inside the jar. The jars were placed in a growth chamber at 25 ± 2 °C under 16/8 photoperiod for 4 weeks and the experiment was repeated in triplicate. Transgenic and control plants were observed for any disease symptoms, survival of seedlings, 9, 16, and 30 days after the inoculation (dpi).
Statistical analysis
All data were analyzed in three replicates. One-way ANOVA was performed using SAS ver.9.1 and mean were compared by Duncan's multiple range test.
Results
For the first time, the encoding sequence of one of the strongest antimicrobial peptides found in alfalfa seeds was fused to the rice chitinase chitin-binding domain (CBD) encoding sequence using a helix-forming linker (EAAAK) 8 . The recombinant CBD-alfAFP gene (Fig. 1 ) was introduced to tobacco plants by Agrobacterium-mediated transformation. PCR-based analysis of putative transgenic plants showed that out of 260 transformed explants, 21 lines (transformation efficiency of 8%) were able to grow in an antibioticcontaining medium, and CBD-alfAFP recombinant gene was integrated into their genome. From now on, transgenic and control plants are referred to as alfAFP-XX and Ut, respectively. Also, XX denotes the transgenic line number.
Expression of CBD-alfAFP recombinant protein
To determine the expression of recombinant CBD-alfAFP gene in transgenic plants, the semi-quantitative RT-PCR analysis was performed on 21 PCR positive transgenic lines and an untransformed control plant. The expression level of the recombinant CBD-alfAFP gene was relatively compared based on the specific PCR products and compared to the expression of the elongation factor 1-alpha (elf1α), as a housekeeping gene. Selected transgenic plants were divided into four classes (Fig. 2a) 
Accumulation of recombinant CBD-alfAFP protein in transformants
To verify that the recombinant CBD-alfAFP protein of correct size is present in transgenic plants, the total protein was extracted from selected transgenic and the untransformed control plants and subjected to Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) following Coomassie brilliant blue staining. Figure 3 shows the presence of a band approximately 14 kDa, which corresponded well with the predicted molecular mass of CBD-alfAFP recombinant protein (14.4 kDa) in selected transgenic lines. No protein band was detected in the control plant as well as alfAFP-19 transgenic line (Fig. 3) .
Antibacterial activity of crude transgenic plant protein in vitro
To evaluate the antibacterial potential of CBD-alfAFP recombinant protein of selected transgenic lines, some important pathogens were challenged with the extracted protein. The one-way analysis of variance (ANOVA) showed a significant (P < 0.01) difference among transgenic lines and untransformed control with respect to the antibacterial activity of recombinant CBD-alfAFP protein (Table 1) . Transgenic line alfAFP-01 had the highest activity in comparison with the other transgenic lines. As can be seen, the crude protein extract (200 µg) of transgenic plants inhibited P. syringae growth, but not E.coli. There was no significant growth inhibitory difference (P < 0.01) between the effect of protein extract from alfAFP-07 and alfAFP-11 on P. syringae. Protein extract from non-transgenic control tobacco plants did not show any growth inhibitory effect on both bacteria tested.
Antifungal activity of the recombinant protein
Considering the affinity of the chitin-binding domain (CBD) for chitin-containing cell wall components, the antifungal activity of the CBD-alfAFP recombinant protein was tested on Candida albicans and Fusarium solani pathogens. The protein extract (100 µg mL − 1 ) of transgenic lines had a significant effect (P < 0.05) on both fungi growth in vitro (Fig. 4a) . The lower concentration of protein extracts (< 100 µg mL − 1 ) did not have a significant (P > 0.05) inhibitory effect on both fungi (data not shown). At 200 µg mL − 1 protein extracts, Fusarium solani and Candida albicans growth were significantly hampered. As can be seen, protein extract from transgenic plants had a higher inhibitory effect on Fusarium solani than Candida albicans. The total protein extract of both alfAFP-07, alfAFP-01 lines had the highest activity in controlling both fungi, especially Fusarium solani (Fig. 4b) .
Fusarium solani resistant transgenic plants
The 4-week-old transgenic alfAFP-01 plant, showing the maximum antifungal activity (Table 1) , was analyzed for disease resistance to the infection by Fusarium solani. Transgenic tobacco alfAFP-01 line expressing CBD-alfAFP recombinant protein showed disease symptoms with a 2-week delay. The first symptoms of the disease, including brown spots in the roots and stems, appeared in the untransformed control plant 9 dpi. Sixteen days after the inoculation, due to necrosis and damage to the vascular systems and the main roots, all leaves in the untransformed control plant completely turned yellow and the whole plant collapsed, as a result of a Fusarium solani infection (Fig. 5) . In contrast, the first symptoms of disease in the alfAFP-01 plant were noticed a week later compared to the untransformed control plants. The alfAFP-01 transgenic plant remained green and healthy despite limited fungal infection. Interestingly, alfAFP-01 survived Fusarium solani infection and did not develop disease symptoms over a 30-day period of observation and disease assessment.
Discussion
The conventional plant breeding methods have not been successful to produce resistance crop plants to survive biotic stresses, especially devastating pathogenic fungi. Instead, genetic engineering techniques seem to hold great promise to cope with the damages caused by plant diseases by producing transgenic lines acquiring resistance toward a particular pathogen.
The expression of antimicrobial peptides and resistance genes (R-genes) such as chitinases and glucanases in plants is the most appropriate method to produce resistance crop plants. For instance, expression of cecropin and sarcotoxin peptides in tobacco (Jan et al. 2010; Jaynes et al. 1993) , MsrA3 in tomato (Osusky et al. 2004) , and the cecropinmelittin chimeric peptide in potato (Osusky et al. 2000) led to the production of transgenic plants resistant to some plant diseases. Expression of different antimicrobial peptides in tomato resulted in increased resistance to Xanthomonas campestris, Phytophthora infestance, and Fusarium solani (Diaz et al. 2016) . Although in all cases transgenic plants showed a significant increase in resistance to pathogens in comparison with non-transgenic plants, no genetically modified crop plant cultivar has been released in the market to resist fungal pathogens.
In the present study, to target the plasma membrane of chitin-containing pathogenic fungi, an alfalfa defensin (alfAFP) was fused to the rice chitinase CBD using a helixforming linker and its antibacterial and antifungal activity was evaluated. We report for the first time the successful generation of transgenic tobacco plants' resistance to a number of pathogens tested including an economically important plant pathogen, Fusarium solani. The antifungal activity of selected tobacco transgenic lines in vitro showed a strong potential of the CBD-alfAFP recombinant protein against P. syringae, Fusarium solani, and Candida albicans. Although defenins mainly have antifungal activity and show less antibacterial potential, the significant activity of protein extract from transgenic plants against P. syringae was surprising, suggesting a further future antibacterial evaluation. In contrast to antibacterial activity, recombinant protein showed a significant inhibitory effect on chitin-containing human and plant fungi, suggesting that CBD is a cooperative partner to antifungal peptides. In addition to the cell wall penetration, CBD may facilitate alfAFP entering fungal cells and identifying its intracellular targets (Brogden 2005) . It is worth noting that some defensins may bind to specific plasma membrane sphingolipids in susceptible fungi because a mutant of Fusarium graminearum defective in the GlcCer synthesis gene showed a high resistance to alfAFP antifungal activity. Therefore, it can be inferred that the binding of alfAFP to glucosylceramide (GlcCer) is necessary for antifungal activity Spelbrink et al. 2004 ). The introduction of individual rice chitinase (CHI) gene, alfAFP, and the recombinant gene (CHI-alfAFP) in transgenic tomato plants protected the vegetative tissues against pathogens attack (Chen et al. 2009 ). In line with the present study, Chen et al. (2009) obtained a higher resistance to Botrytis cinerea in some of the CHI-alfAFP transgenic lines compared to the expression of individual genes. So, it can be concluded that the synergistic cooperation of two genes may provide more effective resistance against the disease. In the present study, the N-termianl CBD domain of a rice chitinase fused to alfAFP peptide significantly delayed the onset of disease symptoms and ultimately resulted in the resistance of transgenic plants to Fusarium solani. The symptoms of Fusarium solani disease on tobacco transgenic lines appeared 2 weeks later compared to untransformed control plants. The delay in onset of the disease in transgenics lines can be attributed to the fact that CBD provides alfAFP peptide with access to the fungal cell wall through binding to cell wall chitin, chitin oligomers, and N-acetylglucosamine. Therefore, the alfAFP peptide can possibly penetrate fungal cells and target the plasma membrane efficiently (Fig. 6 ). In addition, plant defensins alone have the ability to bind to the cell wall glucans (Yokoyama et al. 2009 ). The presence of Knottin motifs that contain conserve aromatic and serine amino acids helps defensin peptides to bind to the cell wall of the fungi pathogens facilitating the antibacterial activity through an unknown mechanism (Yokoyama et al. 2009 ).
In conclusion, this study for the first time showed that the CBD may increase the antifungal activity of the alfAFP peptide (Suarez et al. 2001 ). These results demonstrate that the introduction of this recombinant gene to other crop plants, such as potatoes, may lead to transgenic crop plant cultivars with elevated resistant against fungal pathogens, especially chitin-containing fungi.
Fig. 6
The proposed mechanism of CBD-alfAFP recombinant antimicrobial peptide; Chitin-binding domain (CBD) aids alfAFP peptide to aggregate on the fungal cell wall. Both CBD and alfAFP have an affinity for chitin and glucans. CBD may anchor alfAFP peptide in the cell wall permeabilizing the plasma membrane and possibly lead to pore formation and cell leakage
